relevant factors in the origin of the notch. It appears around 25 weeks of gestation and becomes more pronounced with advancing gestation. Discussion: We demonstrated that the end-systolic notch on the AoI flow occurs mainly as a result of a delayed and longer ejection of the right ventricle. Our findings improve the understanding of hemodynamic changes in the fetal circulation and the interpretation of clinical imaging.
Introduction
The use of Doppler in maternal-fetal medicine has become essential in the diagnosis and monitoring of several fetal conditions such as intrauterine growth restriction, fetal anemia or twin-to-twin transfusion syndrome. A good understanding of fetal hemodynamics and Doppler patterns is necessary for the correct application and interpretation of Doppler findings. However, some spectral Doppler tracings such as the fetal aortic isthmus (AoI) waveforms are still not fully understood. The AoI is an aortic segment located between the origin of the left subclavian artery and the junction of the ductus arteriosus to the descending aorta. It behaves as a shunt that connects both up-and downstream circulations, allowing the fetus to increase or reduce the amount of blood directed to the brain (and heart), depending on the degree of oxygen supply from the placenta. The AoI (Doppler) blood flow profile has a characteristic shape with a rapid systolic rise of the velocity, followed by a more gradual deceleration with a small notch (in some cases) at the end of systole, and forward flow during diastole. Some studies [1, 2] have reported that this small notch starts to appear at 25-30 weeks of gestation approximately with a progressive increase with the progression of gestation, resulting in a brief peak of reversal flow at the end of systole/beginning of diastole. However, the origin of this reversed peak is unclear. Del Río et al. [3] considered this brief reversal of flow as artifactual. Conversely, some authors hypothesized that this peak occurs as a result of delayed onset and longer acceleration time of the flow coming from the ductus arteriosus [4] [5] [6] . Also, a recent study found that the magnitude of the peak correlates with the right ventricular output [7] .
During systole, blood coming from the left ventricle causes forward flow through the AoI, whereas flow from the right ventricle (through the ductus arteriosus) can be directed to either the lower or upper body and thus potentially can have the opposite direction in the AoI. Therefore, differences in timing and amount of flow between pulmonary artery and aortic flows could play a role in the origin of the AoI end-systolic notch. It is well known that prenatally the right ventricle ejects more blood than the left ventricle, and this dominance of the right ventricle increases with advancing gestation [8, 9] . In addition, several clinical studies have reported a delay in the onset of right ventricular ejection [5, 10] , differences in the duration of the ejection of both ventricles [11] and time-to-peak velocity (TPV) or acceleration time [12, 13] . Finally, changes in the elastic properties of the pulmonary vasculature could also have an effect in the appearance of the notch [7] . As far as we know, since it is very challenging in vivo, there are no studies measuring the differential effect of each of these factors on the AoI flow profile and specifically in the appearance of the endsystolic notch. In the present study, we propose to use a computational model of the fetal circulation to evaluate the individual, as well as combined, influence of all these parameters on the AoI flow profile and their role in the appearance of the end-systolic notch.
Computational models are a useful tool for studying the fetal cardiovascular system and recreating hemodynamics changes in the fetal circulation [14] [15] [16] [17] [18] [19] . In lumped models, the different parts of the fetal circulatory system are modeled by a set of equivalent electrical components such as resistors, capacitors and inductors. We have developed and validated a lumped model of the fetal circulation including the main arteries and vascular beds [14] . In the present study, we aimed to use our lumped model to better understand the appearance of the end-systolic notch in the AoI flow profile. For this, we first validated the model for its ability to reproduce the AoI end-systolic peak of reversal flow as measured by Doppler by personalizing it to two normal control fetuses with different gestational ages (GAs) (one showing an end-systolic peak of reversal flow in the AoI and the other not). Next, different parametric studies were performed to evaluate which factors (for example timing, amount of blood flow, resistance) influenced the appearance of the notch. Finally, the change of the AoI flow pattern with advancing gestation was also studied.
Methods

Lumped Model of the Fetal Circulation
In this study, we used a previously published lumped model of the fetal circulation [14] . Briefly, the model consisted of 14 arterial segments, including the AoI and the ductus arteriosus, 8 vascular beds and 2 blood flow inputs: the aortic and pulmonary artery blood flow profiles, as shown in figure 1 . Arterial segments were modeled with a resistor to represent the local resistance of blood due to blood viscosity, a capacitor to represent the arterial compliance and an inductor to represent the blood inertia ( fig. 1 ). Vascular beds consisted of a three-element Windkessel model, which included a resistor and a capacitor representing the peripheral resistance and compliance, respectively. The values of all the electrical components were calculated according to the GA and the estimated fetal weight of the fetus, under normal physiological conditions. The variation of the arterial Young's modulus and the vascular bed compliances with the GA was included. Specifically, the arterial Young's moduli were scaled following equation 5 reported in van den Wijngaard et al. [17] . Vascular bed compliances were scaled to their values at each corresponding GA, using equation 4k-l reported in van Gemert et al. [20] .
Validation of the Lumped Model for Assessing the AoI Flow Profile
In order to validate the lumped model of the fetal circulation for its ability to reproduce the AoI end-systolic peak of reversal flow, we used real Doppler data from two normal fetuses with different GAs (one >30 weeks of gestation showing an end-systolic peak of reversal flow in the AoI blood waveform, and the other <30 weeks of gestation not showing the peak). The validation was performed by a patient-specific fitting that minimized the error be- 
Single-and Multi-Parametric Analysis to Study What Influences AoI Flow
Five variables determining aortic and pulmonary flows that could potentially affect the AoI waveform were chosen for the single-and multi-parametric analysis including: (1) difference in the duration of the slow deceleration of ejection between aortic and pulmonary artery flows, (2) difference between left and right ventricular ejection time (ET), (3) delay in the onset of right and left ventricular ejection or difference between pre-ejection periods (PEPs), (4) difference between aortic and pulmonary artery TPV and (5) relative cardiac output (CO). Additionally, two other variables of the pulmonary arterial network were chosen for singleparametric analysis: (6) pulmonary vasculature compliance and (7) lung resistance. In each of the first five single-parametric analyses, the aortic and pulmonary flows waveforms were changed in only one of the variables while keeping the rest of them equal between both blood flow profiles. Then, these blood flows (online supplementary fig. S1 ; for all online supplementary material, see www.karger.com/doi/10.1159/000444142) were set as input of the computational model. In the last two single-parametric analyses both blood flows were kept equal and only the pulmonary vascular compliance or lung resistance was changed. After each simulation, the model-based AoI flows were obtained in order to study the influence of each variable on the AoI flow separately. Details on the single-parametric analysis can be found in section S.4 of the online supplementary methods. The next step was to perform a multiparametric study, including all the possible combinations between the different five variables determining aortic and pulmonary flows. Details on the multi-parametric analysis can be found in section S.5 of the online supplementary methods. These different parametric studies were performed for a specific GA. However, some variables change during gestation, such as the amount of blood ejected by both ventricles, the heart rate, the TPV, etc. as well as other hemodynamics variables such as vascular resistance and compliance. For this reason, the change of the AoI flow pattern with advancing gestation was also studied. Details on simulating the advance of gestation can be found in section S.6 of the supplementary methods.
Results
Validation
The prenatal ultrasound and perinatal data of both fetuses is shown in table A1. The measured and modelbased velocity waveforms in the AoI and MCA are displayed in figure 2 . The estimated patient-specific parameters after the optimization procedure are shown in table A2, validating the good performance of the model in retrieving patient-specific data.
Single-Parametric Studies
The aortic and pulmonary artery flows, as well as their difference, constructed for the five single-parametric studies, together with the resulting model-based blood flows in the AoI, are plotted in figure 3 . The model-based AoI waveforms resulting from the single-parametric analysis on the variation of pulmonary vasculature compliances and on the variation of lung resistance are shown in figure 4 . The graphs suggest that the delay in the onset of ejection ( fig. 3 i-l) and the longer ejection of the right ventricle ( fig. 3 e-h ) are the factors that seem to have major influence on the appearance of the end-systolic notch in the AoI blood flow ( fig. 3 d, h, l, p, t) . Furthermore, looking at the graphs corresponding to the difference between aorta and pulmonary artery blood flows, it seems that the appearance and magnitude of the end-systolic notch is explained by the difference between pulmonary artery and aortic flows in the last milliseconds of the ejection, so that as the flow difference increased the notch would be more pronounced.
Multi-Parametric Study
The results of the linear regression analysis are shown in table 1 . The difference in the onset of ejection and the longer ejection of the right ventricle are the strongest factors to contribute to the appearance of the end-systolic notch in the AoI. The amount of flow of the difference between pulmonary artery and aortic flows during the deceleration of ejection was highly correlated with the magnitude of the end-systolic notch of the AoI flow (R = Root mean squared error = 0.215, R 2 = 0.908, p = 0.0. SE = Standard error; Tds = time of the slow deceleration of the ejection; pA = pulmonary artery; Ao = aorta. 
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-0.7268, p < 0.001), showing that the higher the flow of the pulmonary artery at the last part of systole compared to the aortic flow, the more pronounced (more negative its value) the notch would be. Figure 5 shows the different aortic ( fig. 5 a) and pulmonary artery ( fig. 5 b) blood flows constructed for each GA, without considering any difference in timing and with the same amount of blood ejected by both ventricles, together with the corresponding model-based AoI flow waveforms for the different simulated scenarios ( fig. 5 c-e). Figure 6 shows the different aortic ( fig. 6 a) and pulmonary artery ( fig. 6 b) blood flows constructed for each GA taking into account the timing and blood volume differences between both flows across gestation. This illustrates how, with advancing gestation, the dominance of the right ventricle becomes higher and therefore the relative CO increases. Also, the model-based AoI flow waveforms obtained for each GA were plotted together in figure 6 c.
Simulating the Advance of Gestation
When both aortic and pulmonary artery blood flows were unchanged during the simulations, the AoI flow waveform did not show any notch or peak of reversal flow at the end of systole ( fig. 5 c-e) . Similarly, neither an increased ( fig. 5 d) or decreased ( fig. 5 e) variation in lung compliance throughout the gestation had an influence on the peak. Only when both blood flows were constructed taking into account the differences in timing and blood volume, as was described for each GA, the end-systolic notch started to appear around 31-32 weeks of gestation and became more pronounced with advancing gestation ( fig. 6 c) .
Discussion
We successfully used a lumped model of the fetal circulation to demonstrate that the brief reversal of flow in the AoI at the end of systole occurs mainly as a result of a delayed and longer ejection of the right ventricle as compared to the left.
We first demonstrated that our lumped model was able to reproduce the real blood flow patterns in the AoI and MCA by performing a patient-specific fitting using the ultrasound data of two normal fetuses, one of them showing an end-systolic peak of reversal flow in the AoI velocity waveform. The estimated time difference in the onset of ejection between aorta and pulmonary artery flows was much bigger for the fetus showing reversal of flow in the AoI as compared to the fetus without peak. This result fits well with the experimental data of De Muylder et al. [6] showing a delay in the onset of right ventricular ejection, and suggest that this delay could explain the reversal of AoI flow at late systole [5, 10] . The striking finding of the present study is the in silico demonstration that the timing differences between pulmonary and aortic blood flows are the main determinants for the appearance of the end-systolic reversal flow in the AoI. Our results are consistent with previous studies describing a longer ejection [11] and PEP [6] of the right ventricle in normal fetuses. In addition, the flow difference between the pulmonary artery and the aorta during the deceleration of ejection was highly correlated with the magnitude of the end-systolic notch of the AoI flow. Our data confirm the previously formulated hypothesis by Acharya et al. [5, 10] that any difference in ejection force duration or volume between both ventricles affects the shape of the AoI velocity waveform during systole. Our data are also in agreement with the previously reported correlation between the right ventricular output and the magnitude of the notch by Chabaneix et al. [7] . They hypothesized that this can be explained by the variation in the compliance of the fetal pulmonary arterial network. However, our results suggested that neither increased nor decreased variation in lung compliance throughout gestation had an influence on the appearance of the endsystolic reversal peak even though the shape of the AoI flow was altered considerably.
This study also provides insights into the AoI flow changes throughout gestation. A small notch could be seen at the end of systole in the model-based flow pattern of AoI corresponding to week 25 that progressively became more pronounced as gestation progressed into a short peak of reversal flow from week 34-35 onwards. These results are consistent with human data such as those of Acharya et al. [5, 10] describing a small AoI notch from 25 weeks that becomes more pronounced as gestation advances (with a clear AoI reversal peak in almost all fetuses around 31 weeks of gestation). Our data also showed that increased CO or changes in size and properties of the vasculature are not main determinants for the appearance of AoI reversal end-systolic peak.
In conclusion, we demonstrated that the characteristic notch in the AoI at the end of systole, and at late gestation, occurs mainly as a result of a delayed and longer ejection of the right ventricle as compared to the left, and therefore it is not artifactual as suggested by Del Río et al. [3] . Additionally, we demonstrated that our lumped model is a useful tool that allows the estimation of patient-specific parameters that cannot be assessed clinically, helping to improve the understanding of the hemodynamic changes in the fetal circulation throughout gestation. A better comprehension of the AoI waveform might help in the interpretation of normal and abnormal Doppler patterns observed in some fetal conditions such as intrauterine growth restriction or fetal hypoxia, in which blood flow is redirected to the brain or left/right outputs are disbalanced. For example, the AoI flow reversal can be seen as an escape mechanism to easily and quickly redistribute blood flow from the lower to the upper body in some cases of intrauterine growth restriction. This also implies that, under healthy conditions, the physiological right to left shunt could be helpful for the fetus to withstand intermittent episodes of lack of oxygen (such as the ones occurring during the 1-min stress at the peak of uterine contractions during labor) without damage to the brain. Furthermore, future personalization of the models, where measured velocity patterns from a specific patient are used to fit the model, will enable distinguishing physiological (AoI) traces from alterations induced by abnormalities of the placenta or other parts of the circulation. Therefore we believe that the use of computational models might help to advance in the general understanding of the complex fetal hemodynamics and improve the current use and interpretation of Doppler in fetal medicine, and that it offers possibilities for individual interpretation of clinical measurements.
Appendix: Validation of the Lumped Model for Assessing the AoI Flow Profile
A.1 Study Individuals
Both fetuses underwent an ultrasound examination during the third trimester of gestation using a Siemens Sonoline Antares machine (Siemens Medical Systems, Malvern, Pa., USA) which included estimation of fetal weight and umbilical artery, MCA, AoI, aorta and pulmonary artery Doppler waveforms. The umbilical artery pulsatility index was evaluated in a free loop of the umbilical cord. The pulsatility index was calculated as (systolic velocitydiastolic velocity)/time-averaged maximum velocity. The MCA was evaluated in a transverse view of the fetal skull at the level of its origin from the circle of Willis [21] . The cerebroplacental ratio was calculated by dividing MCA and umbilical artery pulsatility index [22] . AoI flow velocity was obtained either in a sagittal view of the fetal thorax with a clear visualization of the aortic arch or in a cross-section of the fetal thorax at the level of the three-vessel and trachea view [3] . The AoI flow velocity was quantified by measuring the AoI pulsatility index and flow index (IFI). The IFI was calculated as (systolic + diastolic)/systolic velocity integrals. The aortic waveform was obtained from an apical or basal five-chamber view of the heart, and the pulmonary artery waveform was obtained from a right ventricular outflow tract view. Peak systolic velocity, ET and heart rate were measured from both aortic and pulmonary artery flows. The diameters of the aortic and pulmonary valves were measured in frozen real-time images during systole by the leading edge-to-edge method [23] . The relative CO was computed as the ratio between right and left CO. The angle of insonation was kept as close as possible to 0° and always below 30°. Upon delivery, GA, birth weight, birth weight centile, mode of delivery, Apgar scores, presence of preeclampsia and length of stay at the neonatal intensive care unit were recorded.
A.2 Patient-Specific Fitting
Patient-specific blood velocity waveforms from aorta, pulmonary artery, AoI and MCA were obtained by manual delineation of the envelope of the Doppler blood velocity traces (V M ) of the two normal fetuses using a custom graphical user interface implemented in MATLAB (2013, The MathWorks Inc., Natick, Mass., USA). The flow rates (Q Ao , Q pA , Q AoI and Q MCA ; pA denotes pulmonary artery and Ao aorta) could be obtained from V M taking into account the hemodynamics conditions and the shape of the velocity profile. Details on obtaining the flow waveforms from the Doppler recordings are explained in section S.1 of the online supplementary methods.
The lumped model was personalized to the normal fetuses. To do this, the specific blood flow functions Q Ao and Q pA obtained from the measured aortic and pulmonary artery flows for each Delay of onset of ejections, ms 0.086 3.84 E = Young's modulus; aAo = ascending aorta; pA = pulmonary arteries; BCT = brachiocephalic trunk; SCA = subclavian arteries; CCA = common carotid arteries; ICA = internal carotid arteries. 50 fetus were used as inputs of the model. The GA and the fetal estimated weight were used to compute the values of the different components of the model, as described in our previous work [14] . A set of 12 parameters to be estimated automatically was selected. These were: (1) the delay between the onset of pulmonary and aortic ejections, because this was impossible to accurately measure noninvasively by echocardiography; (2-5) the vascular bed resistances: brain, upper body, lungs and lower body and placenta resistances; (6-9) the vascular bed compliances: brain, upper body, lungs and lower body and placenta compliances; and the arterial Young's modulus of (10) the ascending aorta, pulmonary arteries, AoI and ductus arteriosus, (11) the cerebral arteries and (12) the descending aorta. These 12 parameters were estimated automatically using a constrained nonlinear optimization algorithm minimizing the error between the model-based and measured blood velocity waveforms of the AoI (V AoI ) and the MCA (V MCA ), implemented in MATLAB. Details on the optimization process can be found in section S.2 of the online supplementary methods.
A.3 Results of the Validation of the Lumped Model for Assessing AoI Flow Profile
The prenatal ultrasound and perinatal data of the two normal fetuses used for the model validation are shown in table A1. In both fetuses, the ET of the right ventricle was longer than that of the left ventricle. In addition, the aortic TPV was longer than in the pulmonary artery. In both cases, the lumped model was able to reproduce the measured blood velocity waveforms in the AoI and MCA, as shown in figure 2 . The AoI blood velocity waveform of the fetus with 29 weeks of gestation showed a small (nonreversing) notch at the end of systole. However, a marked peak of reversal flow at the end of systole can be observed in the AoI blood velocity waveform of the fetus with 35 weeks of gestation. This phenomenon was successfully reproduced by our lumped model. The estimated parameters after the nonlinear optimization are shown in table A2. The estimated delay in the onset of ejection between pulmonary artery and aorta blood flows was larger in the fetus with end-systolic peak of reversal flow (3.8 ms) compared to the fetus showing only a small (nonreversing) notch in the AoI waveform at the end of systole (0.1 ms).
